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Introduction 

The emphasis In this paper *»iil be op hlgh-resoXutlen 

£ 

spectroscopy (the X-ray astroroner's definition: > 100) o£ 

the Iron lines in the 6-7 keV ranoe. The first, and generally 
the strongest lines detected in proportional counter spectra of 
both galactic and extraoaiactlc X-ray sources have been the iron 
lines in the 6-7 kev range* The reason for this line strength in 
optically thin plasmas is tvofold: a) the high relative 

abundance of iron; and b) the ionization balance of elements at 
the temperatures typical cf X-ray sources, l*e,, 10^ -10^ K, 

Figure 1 is plotted frcir the tabulations of Raymond and Smith 
(1976) and shovs theoretical calculations of the relative 
emlsslvlties of the strongest iron lines between 3*10 and 10'* k 
( not Including satellite lines) and Illustrates the reason that 
the Fe XXV/XXVl complex Is so dominant in X-ray spectra - other 
elements are largely stripped cut at lower temperatures* In 
particular, the effective temperature of intraclu-.ter gas in 
galaxy clusters, typically 8 x 10 ^ K (see hushotzkv et al. 
1978), Is such that the Iren complex forms the mest useful 
diagnostic of cluster parameters* 

The most common line observed In binary X-ray sources is the 
fluorescent Iron line, for reasons of high fluorescence yield (a 
facto’’ of 10 higher than ary ether element • see Table 1, taken 
from Pravdo 1978), coupled with the high relative abundance* 
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lABLE 1 

FlUCPFSCtNCE EMISSION 



Relative 

Abundance 

Hucr, 

Yield 

Ko*, 

Energy 

Rel, 
EoulV. 
. Width 

SI 

3. 

lo"-^ 

C.C4 

1.74 

0.03 

5 

1.6 

lO"-^' 

C.C8 

2.31 

o 

• 

o 

Ar 

8. 

lO"^^ 

0.13 

2.96 

0.U3 

Ca 

2. 

10“L 

0.16 

3.69 

C.Ol 

Fe 

4. 

10“^ 

0.35 

6.40 

1.00 

Ni 

2. 

10'^ 

0.41 

7.47 

0.07 
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Fravdo 197«) 
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riscerslvc V«»tsus f>‘on«r 1 sr^rs lv«> Srectroscor ' 


Ho* car the Iron lire energy be reached tor srectrosccov. 
and honk can the Iren lines bc resolved fer ireasureirer.ts of 
teerperature, abundance, derslty and ionization calance? 

Figure 2 illustrates tne resolution typical of 
erergy-dlsoerslve devices (dasred lines) and those of disoerslve 
devices (solid lines). Non-dlscersive devices have been used 
almost exclusively thus far in the ireasurenents of iron line 
strengths at 6-7 keV, tut have Insufficient resolution to 
separate the lines of Fe xxv fro»r. Fe X>vi, Gas crcportlcnal 
scintillation counters have t>*ice the resclving oo»er of the 
conventional gas rroportlcr^l counters, but this is still 
insufficient to clearly separate Fe >xv froir XXVI, or tc resclve 
the Fe XXV triplet lines (rote that lines of FE XXV, ls*-ls2o and 
ls^-is''c vkcre recently resclved oy a GPSC in the spectrum of Cas 
A - Andreser et al, 1981), The solid-state detector, of the 
kind flo*n on HEAC-2, (Holt, 197b), does have the resolution to 
separate Ke xxv troir xxvi, and so, in principle, does a 
hlqh-spatlal resolution array of sclld-state devices, l.e,, the 
charge-coupled device. Considerable progress has been made in 
the devclopirert of a CCh i»lth sufficient depletion depth for the 
6 kev range (Griffiths et al. 19Eij Peckerar et al. 1981), but 
solid-state perforitance cculvalent to that trotr a corventicnal 
SKLi) detector, has yet tc be de-nonstrated froir a full CCC array 
at this energy, althounh the lowest CCD noise levels are 



502 


ORIGINAL PAGE IS 
OF POOR QUALITY 



Figure 2 tnerqy resclutlcr cf ncn-dlsp?rsive devices (dashed 


lines) and dlscerstve devices (solid lines) 


A£ (FWHM) 
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comparable to or belot» that of the si(Ll) detector output. Both 
the conventlopal solid-state detector and the CCC have to rely on 
grazlnq-lncldence optics for large collection areas, and In the 
case of HEAU-2, this resulted Ir no collection area at the 6 kev 
Iron lines. For the proposed mirror deslon for AXAF, the 
effective collecting area at 6-7 keV kill be about 200 
cip^ (Zoirbeck 1981) , 

To separate the Fe XXV triplet lines, the necessary 

resolving power Is about 3C0, and this can be provided by crystal 

spectroscopy, lithium fluoride having a suitable 2d spacing 
c 

( 41 Bragg angle for the atcirlc planes of LIF 220), In order to 
achieve high sensitivity, the particle backgrcurd In the X-ray 
detector has to be effectively eliminated, so that the 
spectrometer Is photon-limited for a large number of 
applications , Previous satellite-borne crystal spectrometers, on 
Ariel V, ANS, OSO-8 have been llmiited In sensitivity by their 
particle-induced background levels, concomitant on the flat 
crystal panels employed in each case. For large crystal areas 
and small detector sizes, some form of self-focussing is 

obviously required, and various geometries have been proposed, 
and some Instruments flo»n. In recent years. The conical-segment 
spectrometer (Fig. 3a) was first proposed by Wocdqate et 
al. (1973), and needs to be scanned over the required energy 
range. The convex version of this, described by Berthelsdorf et 
al. 1976 (Flo, 3b) is energy-dispersive along the detector axis, 
and has been employed on the so'ar maximum mission (Rapley et 
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al. 1977, Acton et al. 1981), The latter oeoTetry leads to 

denraded perforirance for ott-axls or extended sources, ho’^ever, 
and the optl»"um qeon'etry Is the spherical case, fully described 
by Schnoprer and Taylor (1981), and shown In Figure 3c, A brief 
description cf the pertcrirance of this sroctroreter will be 
repeated here. 

Spherical Crystal liraglng Scectrooeter 

The axis of the spectrometer, along which the X-ray detector 
lies. Is pointed at the target X-ray source. The operation of 
the Instrument can be understood by reference to Figure 4, which 
shows the principle of operation In mere detail. X-rays of 
energy E| , incident In a cylindrical sheet on the top of the 
crystal panel, are focussed ento the detector at the point Z| , 
and X-rays of energy E^, Ircldert In a similar sheet on the 


bottom, of 

the 

panel , 

are focussed 

on 

the other end of the 

detector at 

Z . . 

For a 

sphere radius 

of 

2,5m, using lithium 


fluoride for the Iren lines, the dispersion along the axis Is 
about 0,4 mm per ev, or 2.4 irm for a 6 eV crystal-limited 
resolution element. Position sensitivity of O.S mm in the 
proportional detector Is therefore sufficient tor the 
energy-dispersive lino focus. The position-sensitive detector 
reads out each x-ray event as It occurs, and the entire spectrum 
Is thus recorded In a parallel fashion, with no mechanical 


scanning. The total energy ranee covered hy the snectrcireter Is 
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ONE RESOLUTION ELEMENT 
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deterirlned by the ranqe cl Braqg anqles for X-rays Ircldent at 
the extreire erds of the spherical section* 

A real* imperfect crystal consists of a irosalc of Individual 
perfect crystal blocks* on a irlcroscopic scale* with a resultant 
Increase in Inteqrated reflectivity (daires 1948). For the 
spherical srectroireter * the rocking curve width of the scanned 
flat crystal panel becoires a corresponding crystal-limited 

resolution eleirent along the pcsitlon-sensitlve detector. For a 
Bragg angle of 45®* the energy resolution in the spherical 
spectrometer case is the same as that for the scanned flat 
crystal panel. For Eragg angles much less than 45®, there is 
some gain in the effective energy resolution with the spherical 
geometry* but the effective area of the crystal panel is reduced 
and the geometry does not use the available volume as efficiently 
as the 45^ case. 

An extended X-ray source* cr =“ *^p^cecraft attitude error for 
a point source* will result in some slight degradation in 
performance* tut it can easily te shown that the effects are 
almost negligible In terms of spectroscopic resolution. These 
effects are most easily understood by ccnslderino spacecraft 
attitude errors and a point X-ray source. It is obvious that* as 
the spacecraft and spectrometer rotate slightly around the center 
of the sphere* the spherical sytriretry guai jntees that the X-rays 
will still be focussed on the line joining the certcr to the 
X-ray source* with a small change in the energy range of the 

-yne d- r- longer se exactly on this 
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IMAGE ON 



Fjcurc 5 Kffect of 

o£f-dXis XTays! «) 

In 


plane 
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arc t) ortfioqonal 
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line focos* however. It is most Instructive to seporate the 
Pointing error Into two ccirpcrerts# one orthogonal to the plane 
of dispersion (Fig. 5fc) and one in the dispersion plane. For 
the orthogonal pointing error, a stiqmatic locus is forred on the 
detector, aiorn an arc about the center of the sphere, where this 
arc is displaced in the narncr shown (< 1 cir tor a O^b pointing 
error) . 

A pointing error in the plane of dispersion (Fig. Sa) 
results in a line focus lying slightly above or below the 
detector anode, and the lirage at any particular energy is formed 
in a hyperbolic arc on the detector, where the curvature of the 
arc causes an insignificant loss of energy resolution. The 
post-facto spacecraft or instrument aspect solution can be used 


to correct 

ter the Instantaneous 

size and 

position 

Of 

the 

hyperbolic 

arc, so that the 

resulting 

spectrum 

Is 

not 


significantly degraded. The pointing regulrements for the 

o 

spherical spectrometer are thus minimal, of the order of ^0,1. 

The imaging of an extendei source can test be considered in 
terms of point source components, where each off-axis point 
source is imaged into a short, hyperbolic arc, as described 
above. The energy resolutl'^r of the spectrcmeter In the plane of 
dispersion is slightly degraded by source extent, but this effect 
becomes Important only for sources greater than In diameter, 
using litnlum fluoride panels, in the plane orthogonal to the 
dispersion plane, the angular resolution Is limited by the 
crystal rocking curve width cf about b arc minutes. 
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Proipcted SCIS Perforn'ance 

The coirblratlon of spectral and spatial resolution Is 
Illustrated In Figure 6, shows an Idealized Image cf a 
source about 0^5 In extent, emitting lines from hydroger-l Ike and 
helluir-llke Iren, For this extreme source size (eg,, the Virgo 
cluster), the helluir-llke t-lplet is slightly blended but still 
usefully resolved. The resolution element for a rclnt X-ray 
source emitting narrow lines is also shown In Figure 6 for 
comparison purposes, and In this case the hellum-llke triplet Is 
fully resolved. 

The Iron spectral features which can be covered by a 
4® range In Bragg angle using lithium fluoride are summarized In 
Table 2, and extend from the neutral Fel absorption edge at 7,1 
kev through the fe XXV and XXVI transitions to a 10% red-shifted 
Fe XXVI line. The energy resolution of the IIF crystals is 6 eV, 

The plasma diagnostics which can be performed with this 
energy range and rescluticn are Indicated in Table 3, a list of 
necessary sensitivities and resolving powers for the Iron lines, 
taken from the work of Bahcall and Sarazin (1978), These Include 
the dlelectronlc satellite lines of helium-llke iron, which may 
be at comparable fluxes to lines of the more usual transitions. 
Generally, It can be seen from the table that the resolving power 
of the crystal spectrometer described here Is necessary for these 


Plasma diagnostics 
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TAPLF 2 

IKCN 5FEC1SAL FFiTURES 


te 

I K ats, edcc 
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Ircr* srectrai features In the t>-7 kev range 
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CONTINUUM FLUX PER SPATIAL RESOLUTION ELEMENT: 
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Th«? sp^'er leal ciyst.il iiraclnc srectre^eter achieves rioh 
sensitivity hy eftpioylnq a larce crystal area and a larae 
concentration factor irtc a lo*’ background detector (tne 
concentration factor Is abcut 100, relative tc the flat crystal 
case). The n-lr.lrur detectable eoulvalert widths and line 

strengits, fer an Instrcnent wltn 0,4 crolccted area, are 
Shown ir Figure 7, i*hlct ceircr St rat es that these senstivittes are 
a tmetion ct continucir flux for the strencer sources, hut the 
spectroireter Is photon-1 1 it ited, l.e.. United by line count 
statistics, for ir.ost sources of Interest In observation times of 

l| C 

/ 5 l 0 s. *lth longer observation times, "lO s or longer, the 

instrutent sensitivity beccccs ll'altcd by detector background, 

Flaure 7 also Indicates sere cf tne line strenatns and equivalent 

' Idths Of Iron line features already detected by prcportlcnal 

counters or. rccket and satellite experiments. In these cases 

*nere t^'c source is extenceo, the observed strengths are shown 

per sratial-spectral resclutlon element of the rroposeo 

InstruTont ( 5 arc min^ x 6 eV), It can be readily seen from 

tnese sensitivity curves that the Instrumert Is sensitive to ary 

y 

Of tne clotted sources in an observation time of lO s, and for 
some, an observation tire ct only lO^s Is necessary. As an 
exan<nle, the Instrurent Is sensitive. In a IC^s observation of 
the Perseus cluster, to features with. 30 eV eculvalent width. In 
each resolution element, fuch sensitivity is sufficient to 
measure the rasic plasma carameters ot temterature, relative 
aoundance tor Ircr, and Ionization balance on a 
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1 AtU r J 

LlAGNfSllCS Ffo CIXSIEKS 
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sp^t<3iiy*-resclved scale c£ 5 arc n In over the extended cluster 
e.T>lsslon. ire virco cluster line eirlsslcn can slirll^rly oe 
detecteo In each 5x5 arc irlr spatial resolution eleirent In 
lO^s, a^a tre cof^olned data trom the whole cluster would have a 
slorltlcance ot aoout 15<r. 

Line erisslop fro.T supernova reiinants Is generally expected 
to oe broadened oy the exparsior velocity profile, which has teen 
rrcasureo in scae cases for optical fllan'ents, tut not directly 
for the expanding X-ray shell. For CasA, the expansion way oe 
estimated as *400 kTs~* Fwh'^, and this expansicn is expected to be 
ocservacie as a broadened iren lire covering about 15 resolution 
elements# *ltP an average slgnitlcance of about in eacn 

eletnent. The sensitivity In the (unrealistic) rcn-excarslon case 
and (or the case of an exranclnc shell source are both shown in 
Floure 7, 

In the optically-thlc< scattering plasra of accretion disks 

around compact objects, the narrow line emission Is severely 

r eouced from the opt Ically-thlr case (Felten and hees 1972; 

Grlftiths 1972), Foss et ai, (197R) have trcdelled the line 

emlssior from Her x-i, and the narrow lire cere predicted by 

their model is plotted in Figure l.e,# the residual line core 

u 

shruld be detectable In a 10 s observation# with sufficient 
sensitivity to measure the relative strengths of the resonance. 
Intercom hinat lor and toruldder lines of Fe xxw, giving a measure 
cl density In tre source, irese residual line cores are an order 
of magnitude weaxcr tnar tr the out ically-thlr case. Seme ot tre 
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f li;oresc*»rce iron llres In tlrarv X-ray sources arc expected to 
be an order ot iraqnltuce stronger than these residual Fe xxv 
lines In Her X-l, 

It Is notehorthy that the sensitivity of an AXAF local plane 
crystal spectroir-eter (l.e,, the LIF crystal) would be about 
10 *' ph cir ^ s ' at the Iron lines (Schnopper and Taylor 1981), 
two orders of iragnltude worse than the Instrument proposed here. 
The reason for this difference Is simply one of area, with the 
realization that such spectretreters are photon-limited. The 
effective area of AXAF at 6.7 kev Is between 100 and 200 cm^, 
vhereas the projected area of the crystal panels In the proposed 
SCIS Is of the order of 10^ cir% Considering hloh-resolutlon 
crystal spectroscopy alone, the use of grazlng-lnclder.ee optics 
Is clearly Inefficient. The same argument remains valid, but to 
a lesser extent, at lower energies, where the AXAF effective area 
of “1000 cm'' can still be surpassed by a crystal panel with the 
appropriate atoiric spacing for Bragg reflection and concentration 
of the silicon or sulphur lines, for example. 

SCIS - Proposed Payload 

The SCIS payload, as proposed for a Spacelab mission by SAO 
In collaboration with the Saclay group (Schnopper et al. 1978; 
Schnopper and Taylor 1980), Is shown In a cut-away drawing In 
Figure 9. The large crystal panels are relatively cheap to 
fabricate, and a total payloao cost has beer estimated at around 


$? million 
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The lar<ie central area Is sho^kn here filled with a monitor 
proportional counter for ireasurerent of the overall spectruir of 
X-rav sources, A nas sclptiilatlon proportional counter would 
have twice the energy resclutlcn and would better complement the 
crystal spectrometer, IdeallVf the central area would be filled 
hy an efficient grazlpq incidence collector, covering at least 
the "’1»8 keV range, with ar array of solid-state devices in the 
focal plane. 


Conclusions 


The most efficient, and by far the most economical way of 
performing hlgh-resolutlcn spectroscopy of the 6-7 keV iron lines 
Is by means of a spherical crystal Imaging spectrometer. Such an 
Instrument, of Spacelab-pallet proportions, would have a 


sensitivity 

two 

orders 

cf 

magnitude 

better 

than 

an 

AXAF 

focal-plane 

crystal 

spectrometer, and 

would 

be 

sensitive in 

observat Ion 

times 

of 

lO^s 

cr 

less, to 

all of 

the 

iron 

lines 


detected thus far by proportional counters. 
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